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Abstract
We have investigated the low-frequency Cu-spin dynamics of partially Fe-substituted La2−xSrxCu1−yFeyO4 with
x = 0.06 – 0.235 and y = 0.01 from zero-field muon-spin-relaxation measurements. We find that the magnetic
transition temperature, T midN , is enhanced through the 1% Fe substitution in a wide range of hole concentration per Cu,
p, where superconductivity appears in La2−xSrxCuO4. The T midN exhibits a local maximum at p ∼ 0.115 and exists
even in the overdoped regime of p > 0.15. To the surprise, T midN in the overdoped regime of 0.15 < p ≤ 0.225 is larger
than in the underdoped regime of 0.05 ≤ p ≤ 0.09. These results suggest that the substitution of Fe as a magnetic
impurity is eﬀective for the stabilization of the so-called stripe order in high-Tc cuprates in the underdoped regime and
that the nature of the magnetic order induced through the Fe substitution in the overdoped regime might be diﬀerent
from that in the underdoped regime.
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1. Introduction
In the history of research on the high-Tc superconductivity (HTSC), studies of impurity eﬀects have played one
of the central roles for the elucidation of the mechanism of HTSC. It is widely recognized in the hole-doped high-
Tc cuprates that the suppression of the superconductivity through the substitution of magnetic impurities such as Ni
for Cu is weaker than through the substitution of nonmagnetic impurities such as Zn for Cu, [1] which is a trend
opposite to that observed in conventional superconductors. [2] Moreover, muon spin relaxation (μSR) [3, 4] and
neutron scattering [5] experiments have revealed that the Cu-spin correlation tends to be developed through the Zn
substitution more than through the Ni substitution, suggesting that the so-called dynamical stripe correlations of spins
and holes [6] are pinned and stabilized by Zn more eﬀectively than by Ni. Accordingly, it has been understood that
Ni has weaker influence on the electronic and magnetic states in the CuO2 plane than Zn.
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However, based upon the hole-trapping eﬀect by Ni, where a Ni2+ ion traps a hole to form the so-called Zhang-Rice
doublet state, recently suggested from various experiments, [7, 8, 9, 10] Tanabe et al. [11] have shown from μSR and
electrical-resistivity measurements that the Ni substitution brings about the development of the Cu-spin correlation
and the suppression of superconductivity to the same degree as the Zn substitution. In this case, the eﬀective value
of the spin quantum number, S , of Ni2+ with a trapped hole is equal to that of Cu spin, 1/2, indicating that Ni is no
longer a magnetic impurity in HTSC.
Recently, Fujita et al. have revealed from elastic neutron-scattering experiments that incommensurate magnetic
and nuclear peaks are observed through the partial substitution of Fe with a large magnetic moment of S = 5/2 for
Cu in La2−xSrxCuO4 (LSCO) around the hole concentration per Cu, p, = 1/8, [12] indicating that Fe is eﬀective for
the static stabilization of the dynamical stripe correlations. Moreover, the Fe substitution has been found to induce
incommensurate magnetic peaks in the overdoped regime of LSCO as well. [13] These results imply strong eﬀects of
magnetic impurities such as Fe on the Cu-spin correlation in HTSC, although the details have not yet been clarified.
In this paper, in order to investigate the Fe-substitution eﬀect on HTSC in a wide range of hole concentration,
we have performed zero-field (ZF) μSR measurements in La2−xSrxCu1−yFeyO4 (LSCFO) with x = 0.06 – 0.235 and
y = 0.01.
2. Experimental
Polycrystalline samples of LSCFO with x = 0.06 – 0.235 and y = 0.01 were prepared by the usual solid-state
reaction method. [14] All of the samples were checked by the powder x-ray diﬀraction to be of the single phase.
Electrical-resistivity measurements revealed good quality of the samples. ZF-μSR measurements were performed at
the RIKEN-RAL Muon Facility at the Rutherford-Appleton Laboratory in the UK, using a pulsed positive surface
muon beam. The asymmetry parameter A(t) at a time t was given by A(t) = {F(t) − αB(t)}/{F(t) + αB(t)}, where
F(t) and B(t) are total muon events of the forward and backward counters, which were aligned in the beam line,
respectively. The α is the calibration factor reflecting the relative counting eﬃciencies between the forward and
backward counters. The μSR time spectrum, namely, the time evolution of A(t) was measured at low temperatures
down to 2 K.
3. Results and Discussion
Figure 1 shows the ZF-μSR time spectra of 1% Fe-substituted LSCFO with x = 0.08 in the underdoped regime
(p = 0.07), with x = 0.125 where the so-called 1/8 anomaly is observed (p = 0.115) and with x = 0.21 in the
overdoped regime (p = 0.20). Here, p is defined as p = x − y due to the substitution of trivalent Fe3+ for divalent
Cu2+. For comparison, ZF-μSR time spectra of Fe-free LSCO with x = 0.08, 0.115, 0.20 are also shown. [4, 11, 15]
All the spectra in Fig. 1 are shown after subtracting the background from the raw spectra and being normalized by
the value of the asymmetry at t = 0. At a high temperature of 20 K, all the spectra show slow depolarization of the
Gaussian type due to the nuclear-dipole field randomly distributed at the muon site. This indicates no eﬀect of Cu spins
on the μSR time spectrum. For x = 0.08 and y = 0.01, the muon-spin depolarization becomes fast with decreasing
temperature below 10 K, followed by a muon-spin precession due to the formation of a long-range magnetic order of
Cu spins below 4 K, whereas no precession is observed at 2 K for Fe-free LSCO with x = 0.08. At x ∼ 1/8, although a
muon-spin precession is observed at 2 K for both LSCFO with x = 0.125, y = 0.01 and Fe-free LSCO with x = 0.115,
the amplitude of the precession corresponding to the volume fraction of the magnetically ordered region in a sample is
larger for the Fe-substituted sample than for the Fe-free sample. In the overdoped regime, a fast muon-spin relaxation
is observed for x = 0.21 and y = 0.01, while no fast relaxation is observed for Fe-free LSCO with x = 0.20. These
results indicate that the Fe substitution tends to develop the Cu-spin correlation in a wide range of p.
In order to obtain detailed information on the Cu-spin dynamics, the time spectra were analyzed using the follow-
ing three-component function:
A(t) = A0e−λ0tGZ(Δ, t) + A1e−λ1t + A2e−λ2t cos(ωt + φ) (1)
The first term represents the slowly depolarizing component in a region where Cu spins fluctuate faster than the μSR
frequency window of 106 – 1011 Hz. The second term represents the fast depolarizing component in a region where the
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Figure 1: ZF-μSR time spectra in the early time region from 0 to 1 μs in La2−xSrxCu1−yFeyO4 with x = 0.08, 0.125, 0.21 and y = 0.01 at various
temperatures down to 2 K. For comparison, ZF-μSR time spectra of Fe-free La2−xSrxCuO4 with x = 0.08, 0.115, 0.20 are also shown. [4, 11, 15]
Solid lines indicate the best-fit results using A(t) = A0e−λ0 tGZ (Δ, t) + A1e−λ1 t + A2e−λ2 t cos(ωt + φ).
Cu-spin fluctuations slow down and/or a short-range magnetic order of Cu spins is formed. The third term represents
the muon-spin precession in a region where a long-range magnetic order of Cu spins is formed. The A0, A1, A2 and
λ0, λ1 are initial asymmetries and depolarization rates of each component, respectively. The GZ(Δ, t) is the static
Kubo-Toyabe function describing the muon-spin depolarization due to the nuclear-dipole field at the muon site with
the distribution width, Δ. [16] The λ2, ω, φ are the damping rate, frequency and phase of the muon-spin precession,
respectively. The time spectra are well fitted with Eq. (1), as shown by solid lines in Fig. 1.
Figure 2 shows the temperature dependence of A0 for LSCFO with x = 0.08, 0.125, 0.21 and y = 0.01, together
with the data of Fe-free LSCO with x = 0.08, 0.115, 0.20. [4, 11, 15] The temperature dependence of A0 is often used
as a probe of the magnetic transition, because it reflects the volume fraction of the nonmagnetic region. [17] In fact,
A0 = 1 means that the spectrum is represented only with the first term of Eq. (1), indicating that all the Cu spins
fluctuate fast beyond the μSR frequency window. On the contrary, A0 ∼ 1/3 indicates that all the Cu spins are in a
short- or long-range static magnetically ordered state. For the Fe-substituted samples, A0 decreases with decreasing
temperature and is saturated at A0 ∼ 1/3 at low temperatures, indicating the formation of a static magnetic order. On
the other hand, A0 for Fe-free LSCO with x = 0.08 and 0.115 is not saturated and A0 = 1 for x = 0.20 at the lowest
temperature of 2 K, indicating that Cu spins are not in a static-ordered state at 2K without impurity. Moreover, the
magnetic transition at x ∼ 1/8 becomes sharp through the 1% Fe substitution. These results clearly indicate that the
Fe substitution tends to stabilize a magnetic order in a wide range of p.
Figure 3 shows the p dependence of the magnetic transition temperature, T midN , defined as the midpoint of the
change in the A0 value from unity to the averaged value of A0 in the static magnetic state at 2 K. [15] The data of
LSCO and 1% Zn-substituted La2−xSrxCu1−yZnyO4 (LSCZO) are also plotted for comparison. [4, 11, 15] It is found
that the 1% Fe substitution enhances T midN in a wide range of p more markedly than the 1% substitution of nonmagnetic
Zn, and that, in particular, T midN exists even in the overdoped regime of p > 0.15 through the Fe substitution. The T midN
exhibits a local maximum at p ∼ 0.115 where the stripe order is most stabilized in LSCO and LSCZO. It is surprising
that T midN in the overdoped regime of 0.15 < p ≤ 0.225 is larger than in the underdoped regime of 0.05 ≤ p ≤ 0.09.
This is contrary to the general understanding that the Cu-spin correlation weakens with increasing p except for the
regime of p ∼ 1/8.
The present results clearly indicate that the magnetic order is formed through the 1% Fe substitution in a wide
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Figure 2: Temperature dependence of the initial asymmetry of the
slowly depolarizing component, A0, in Eq. (1) normalized by its
value at a high temperature of 20 K for La2−xSrxCu1−yFeyO4 with
x = 0.08, 0.125, 0.21 and y = 0.01. The data of La2−xSrxCuO4
with x = 0.08, 0.115, 0.20 are also shown for comparison. [4, 11,
15] Solid lines are to guide the reader’s eye.
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Figure 3: Hole-concentration, p, dependence of the magnetic tran-
sition temperature, T midN , estimated from the temperature depen-
dence of A0, for La2−xSrxCu1−yFeyO4 with x = 0.06 – 0.235 and
y = 0.01. The data for La2−xSrxCuO4 and La2−xSrxCu1−yZnyO4
are also plotted for comparison. [4, 11, 15] Solid lines are to guide
the reader’s eye.
range of p where superconductivity appears in LSCO. Moreover, T midN exhibits a local maximum at p ∼ 1/8 where the
stripe order is most developed in 1% Fe-substituted LSCFO as well as LSCO and LSCZO. Therefore, these suggest
that the formation of the magnetic order through the Fe substitution originates from the pinning of the dynamical stripe
correlations by Fe. Since Fe is more eﬀective for the development of the Cu-spin correlation than Zn, it is guessed
that magnetic impurities tend to stabilize the stripe order more markedly than nonmagnetic impurities. The strong
pinning eﬀect of Fe might be due to the large magnetic moment of Fe3+, namely, S = 5/2 suppressing the Cu-spin
fluctuations.
As for the large value of T midN and the short-range magnetic order without muon-spin precession in the overdoped
regime, they suggest that the nature of the Cu-spin correlation is diﬀerent between p > 0.115 and p < 0.115. Possible
candidates of the magnetic state in the overdoped regime are (i) a disordered stripe-order in which excess holes
overflow into the spin domain, (ii) a simple spin-glass, and (iii) a spin-density-wave driven by the Fermi-surface
nesting suggested from angle-resolved photoemission and neutron scattering experiments. [13] In any case, further
experiments are necessary to pin down this issue of the Fe-induced magnetic order in the overdoped LSCFO.
4. Summary
From ZF-μSR measurements of LSCFO in a wide range of p, it has been found that the Cu-spin correlation is
developed through the Fe substitution in a wide range of p, where superconductivity appears in LSCO. It appears that
magnetic impurities such as Fe have a larger eﬀect on the stabilization of the stripe order than nonmagnetic impurities
such as Zn in La-214 high-Tc cuprates. Furthermore, T midN has been found to be larger in the overdoped regime of
0.15 < p ≤ 0.225 than in the underdoped regime of 0.05 ≤ p ≤ 0.09, suggesting that the nature of the magnetic state
induced through the Fe substitution is diﬀerent between the underdoped and overdoped regimes.
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